Introduction
Since the first application of CT angiography (CTA) for the diagnosis of acute pulmonary embolism (PE) in the early nineties (1), CTA has become the first imaging technique of choice in the workup of patients with suspected PE. Though the considerable inherent limitations of CTA with single-detector CT (SDCT) systems, its diagnostic potential for direct visualization of arterial clots was instantaneously appreciated by the radiological community. Limited by a maximum breath hold of 30 s and a single detector row data acquisition, image quality and thus diagnostic efficiency was limited by the trade off between the need to cover a certain scan length and the spatial resolution determined by the slice collimation: e .g., with a slice collimation of 5 mm only a scan range of 15 cm could be covered within 30 s. Even with use of 3 mm collimation and a pitch of 1.7, a confident detection of acute PE was only possible down to the segmental level. With the newest generation CT scanners the full chest can be scanned in less than 4 s with sub-millimeter collimation which has become the standard nowadays (see table 1). Small thrombi can be identified in subsegmental arterial branches and elaborate post-processing techniques can be executed, resulting in a significant increase of both sensitivity and specificity in PE detection. This substantial gain in image acquisition speed and spatial resolution also lead to novel image interpretation concepts including the assessment of perfusion defects of the lung parenchyma and the evaluation of cardiac dysfunction, both of which are important determinants for the clinical outcome of the patient. Besides the significant increase of detectors in the most recent generations of CT scanners a complete novel concept has been developed: dual-source CT. Although the main gain of the use of two radiation sources is the steep increase in temporal resolution, which is especially of benefit for cardiac scanning, this new technique can also be used for PE detection by performing either a dual-source CT protocol resulting in CTA and CT perfusion datasets obtained during one image acquisition, or as a fast track protocol resulting in a dataset obtained within 1 s and without disturbing breathing artifacts, even in very dyspnoeic patients.
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The development of faster CT scanning techniques has resulted in a substantial decrease of the percentage of non-interpretable scans (overall from 10% using SDCT techniques to up to 6% for multi-detector CT (MDCT)) (2, 3) . However, the very fast data acquisition in a few seconds carries also new risks and new down-sides such as scans with suboptimal image quality due to a sub-optimal contrast medium injection protocol or a sudden Valsalva maneuver by the patient almost inevitably resulting in inadequate vessel enhancement. An examination with suboptimal quality and, as a result, ambiguous or completely impossible interpretation, is still the most important drawback of CT in the workup of patients with suspected PE. Many of these qualitatively suboptimal CT scan results can be avoided when acquisition and contrast medium injection protocols are optimized and proper patient instruction is executed, with special attention to specific subgroups such as ICU and pregnant patients. Furthermore, interpreters of the CT datasets should be familiar with a good interpretation protocol taking benefit of the appropriate post-processing techniques and should keep in mind the potential pitfalls. In the following, we will focus on the optimization of CTA protocols using most modern MDCT systems, with special attention to the acquisition and contrast medium injection techniques and with potential adaptation of these protocols for specific patient subgroups. On the other hand, we will discuss options for display optimization of the datasets using post-processing techniques and recently developed computer aided detection (CAD) systems. Finally potential pitfalls, related to the technique, the patient and the interpreter will be explained.
Image acquisition protocols
Scanning parameters
Due to the continuous and rapidly advancing MDCT technology, scanning protocols need to be continuously adapted, too (table 1). The optimal scan protocol depends on the generation of scanner (e.g., the number of detector rows being used) and the vendor of the CT machine. Using MDCT scanners with ≥ 16 detector rows, the scan time is reduced to < 10 s, resulting in a significant decrease of movement artefacts and an increase in spatial resolution, obviating an adaptation of the scan protocol even in very dyspnoeic patients. Therefore, the use of CT scanners with less than 16 detector rows cannot be advocated anymore for obtaining CT pulmonary angiography (CTPA).
Scanner type (number of detector rows)
Collimation
(mm) ** kVp may not be lowered in patients which are scanned with arms along the body. Table 2 . Dose protocols adapted to the patient's body weight.
Rotation time (s)
A low signal-to-noise ratio may deteriorate the image quality significantly, impeding a reliable interpretation of especially the subsegmental and more peripherally located pulmonary arteries. This may cause diagnostic problems in obese patients. Therefore, in patients > 120 kg image quality may be further improved by using slower rotation times to increase the amount of delivered dose. Also reconstruction of thicker slices (e.g., 2 mm instead of 1 mm) may be helpful to allow a more meaningful interpretation of too noisy images.
Dose aspects
The radiation dose of a CTPA is described in DLP (in mGy x cm) which takes into account the individual scan length. It is calculated using the equation: dose-length product (DLP) = scan length x CTDI vol . The resulting effective dose E (in mSv) is calculated using the specific conversion factor of 0.014 (11) or 0.017 (12) mSv per mGy x cm for a CTPA covering the whole chest. For simplification, the conversion factor is the same for men and women, although the individually received dose is higher for women because of radiation to the breasts. The CTDI vol is given on the scanner console after each examination. As a rule of 6 thumb it can be said that for a total CTPA with a scan length of 30 cm the effective dose amounts to about 40% of the CTDI vol for men and to about 50% of the CTDI vol for women. If the scan range is reduced, the effective dose decreases proportionally. As a consequence, effective dose may vary substantially despite the fact that the same mAs and kVp settings have been chosen. The European Guidelines for Quality in Computed Tomography EUR 16262 suggest a maximum effective dose level for the chest of 9 mSv. In our experience, the required dose levels are lower and the CTDI vol does not exceed 5-7 mGy in a standard size patient (70 kg, 170 cm).
Lowering the kV has the important advantage of considerably decrease radiation dose for the patient. The absorption of iodine increases with lower kVp resulting in higher intravascular enhancement (figure 1). This effect can be used to compensate for the higher image noise resulting from lowering the kV. This increased noise is the reason that lowering the kVp is only recommended for children and low to normal weight persons but not in patients > 75 kg (7), unless the tube current is increased to keep the image noise constant. In slim patients and children, use of an 80 kVp protocol (without adaptation of the tube current) decreases the radiation dose to as low as 1.5-2 mSv. In a recent study, comparing simulated low-dose CT scans, generated by the superimposition of computer-calculated noise, to a reference standard of 90 mAs in nonobese patients found no statistically significantly differences in the visualization of peripheral PE and inter-and intraobserver agreement (13).
Scan length and direction
The first CTPA protocols proposed a scan range between 2 cm above the aortic arch to 2 cm below the pulmonary veins. This protocol allowed for coverage of the central part of the lung with an appropriate spatial resolution at the time of slower data acquisition within a single breathhold. Today the whole chest can be easily covered within less than 5 s. Therefore, it becomes more important to pay attention to determine just the scan range needed without including too much of the neck or the upper abdomen to avoid unnecessary radiation. This seems to be especially important in young patients and in women. Though retrospective data analysis did not find a diagnostic disadvantage for determining or excluding PE if the lung tops and the lower costophrenic angles are spared (14) , this approach is not generally advocated but should be reserved to certain indications such as repeat examinations in young patients. It may lead to loss of information with respect to alternative diagnosis (e.g., extent of pleural effusion or pneumonia) and is therefore not considered useful in elderly patients or in patients with known or suspected comorbidity. This approach also seems to be less well definable within a standardized protocol that ideally should be the same independent of institutional, personal or time related effects. With SDCT, a caudo-cranial scanning direction was in general preferred as breathing artefacts are less disturbing in the upper lung zones and to avoid beam hardening artefacts due to inflow of high density contrast medium. With shorter scanning times and use of a saline chaser bolus these issues have been overcome. Today, both caudo-cranial and craniocaudal scanning directions are in use, depending on local preference.
ECG-gating
There are three potential indications why to obtain a CTA data set with ECG-gating, though all three of them have not yet found their way into clinical routine or have not been found to provide substantial advantages. Limiting factors for ECG-gated CTPA protocols are the increase of radiation dose and the prolongation of scan time. a. Prospective ECG-gating diminishes motion artefacts due to cardiac pulsation, especially in the lingula and left lower lobe vessels. As a result, it may improve image quality as compared to non-ECG-gated CTPA. Whether ECG-gated CTPA indeed results in a clinically relevant increase of diagnostic accuracy remains questionable and studies on this topic are so far not available. Up to now, ECG-gating has not found its way into clinical routine in the workup of patients with potential PE (15). b. The role of ECG-gated data acquisition may be more important in the context of the assessment of cardiac function rather than image quality. ECG-gated CTPA allows for functional assessment of the right ventricle (RV). Dysfunction of the RV has been proven to be an independent predictor of survival in patients with PE. Yet, assessment of the RV/LV (right ventricle / left ventricle) ratio on non-ECG-gated scans were found to equally well assess RV dysfunction as functional parameters based on ECG-gated CTPA, and c. a triple or dual rule-out protocol to assess the presence of PE, coronary disease or aortic dissection in patients with acute chest pain, requires ECG-gating to obtain the necessary quality for the evaluation of coronary arteries (16). 
Injection protocol
The injection protocol should be optimized to ensure a constant and high degree of pulmonary arterial enhancement during the complete data acquisition. A minimal attenuation of 300 to 350 HU (i.e., 250 to 300 HU net contrast enhancement) is considered optimal for the assessment of PE at CTPA (17, 18) . Suboptimal vascular opacification is a major reason for non-diagnostic scans and further aggravates other artefacts such as partial volume effects or movement artefacts potentially causing false positive interpretations.
Optimizing the injection protocol becomes more challenging the shorter the scan time is, as Valsalva maneuvers or inadequate scan delay time can completely destroy the whole scan.
The most important causes of general insufficient enhancement are: low injection rate, wrong bolus timing and decreased heart function. All these causes are in a way predictable and measurable and therefore can be overcome by appropriate steps. 1. A sufficiently high delivery of mg iodine per s should be obtained by choosing a high flow injection rate (4 -6 mL/s) and/or a high concentration of the contrast medium (370-400 mg of iodine/mL). This will result in good visualization of small, peripherally located pulmonary arteries, eventually improving the overall sensitivity (19) . Similarly as with radiation, more iodine is needed in large patients to achieve a comparable opacification of the pulmonary arteries as in a small patient. This can be achieved by either increasing the iodine flow rate (20) or by increasing the total volume of administered contrast medium (21) to overcome the inversely proportional relationship between opacification of the pulmonary arteries and body weight (17). 2. The duration of contrast medium injection should approximately be equal to the sum of the scan duration and the delay time. For very short scan durations, the delay time has to be increased. After reaching the trigger threshold 5-8 s of delay have to be added depending on the type of scanner (the faster the scanner and the shorter the acquisition time, the more delay time should be added). Importantly, if for some reason the injection time is increased, e.g., due to limited venous access, the scan delay has to be prolonged accordingly to avoid scanning and data acquisition when pulmonary arteries
are not yet sufficiently opacified (22) . The trigger level and the region of interest chosen for bolus triggering have to be chosen to allow for adequate contrast build-up down to the peripheral arteries during the complete scan acquisition (table 3) . If scanning is started too early, especially in very fast high-end MDCT scanners, inhomogeneity in opacification can result in pseudo-filling defects. Narrowing the window settings is helpful to differentiate between pseudo-defects and true PE. As a consequence, contrast volume can be substantially reduced for CTPA with fast high-end scanners. 3. Frequently, a saline chaser of 30-60 mL is used. It is immediately injected with the same injection rate after the contrast medium bolus.
Scan duration (s)
The advantages of such a saline flush are threefold: a. it flushes the contrast medium out of the subclavian vein and superior vena cava (SVC), decreasing the risk of beam hardening artefacts. These artefacts are more frequently seen with use of high concentration and/or high flow rates and hamper the visualization of the right pulmonary artery and its branches in the right upper lobe. b. it prolongs the length of the contrast plateau resulting in a more homogeneous intravascular contrast, and c. finally, it decreases the total volume of contrast medium needed (23). 4. With the short and very short scanning times that result from the use of modern MDCT scanners, an individualized injection timing using bolus triggering has become essential. It compensates for unexpected changes in circulation time, which can be slowed down due to right-sided heart failure, pulmonary hypertension (PH) or low cardiac output, or on the other hand can be increased in case of a hypercirculatory status e.g., in adolescents or pregnant women. The ROI for bolus triggering is usually localized in the pulmonary trunk or pulmonary artery (PA) but may as well be set in the RV or the ascending aorta. The preset trigger level is usually between 150 and 200 HU. The right cubital vein is the preferred site for contrast medium injection in CTPA to avoid streak artefacts caused by the nearly horizontal course of the left brachiocephalic vein. In general, both arms are placed above the head. Some authors prefer positioning the left arm above the head and the right arm parallel to the body with right-sided contrast medium injection as this technique reduces the risk for hampered inflow of contrast medium due to compression of the brachiocephalic vein at the level of the thoracic inlet. As a consequence of placing the arm aside the body, however, the image noise in the scanned volume may increase especially when low-dose protocols are used. In a subgroup of patients with suspicion of PE but contraindications for iodinated contrast medium injection, gadolinium may be used as an alternative to iodine containing contrast medium (24, 25) . Diagnostic CTPA with adequate opacification of the complete pulmonary arterial tree up to the subsegmental level using gadolinium can only be obtained with fast data acquisition (MDCT with ≥ 16 detector rows) as the amount of gadolinium than can be injected for CTPA is limited to 0.3-0.4 mmol/kg. A high injection rate protocol has to be chosen also with gadolinium. As it is well known, gadolinium is contraindicated in patients with severe renal insufficiency and up-to-date guidelines for its use have to be followed (ESUR guidelines on contrast media; www.esur.org).
Filtered back projection and iterative reconstruction
Filtered back projection is currently the standard technique to reconstruct the image dataset from the raw scan data. Iterative reconstruction techniques are an alternative method to work with the raw data whereby image data are corrected using several different models. Iterative reconstruction is routinely used in PET and SPECT imaging. These techniques reduce image noise while preserving sharpness, which is especially useful in using low-dose CT protocols. In addition, the use of iterative reconstruction further improves image quality by reducing artefacts, i.e., spiral artefacts and beam hardening artefacts, the latter might be especially advantageous in the assessment of use of dual-energy CT (DECT) perfusion images (see below under 'Dual-source CT'). So far, these techniques were not used in CT as the algorithm requires significant computational time. Due to modification of the technique and the increased speed of processing, this technique has now become available in routine clinical practice for CT. A potential disadvantage of this technique may be a different image appearance, of which the potential effect on the detection of PE has so far not been studied. Whether the decrease of image noise by iterative reconstruction resulting in image quality improvement in low-dose CTPA protocols will balance the potential disadvantage of the different aspect of the structures at CT needs to be subject of further study.
Dual-source CT
Dual-source CT (DSCT) scanners can be used in two different ways for the detection of acute PE. Using the "Flash" technique, the chest can be scanned from the apex to the diaphragm with the thinnest collimation in less than 1 s. This will further reduce the risk for movement artefacts and increases the temporal resolution. Alternatively, DSCT scanners offer the option to reconstruct "material specific images", e.g., images in which the distribution of iodine in the lung parenchyma is used to produce lung perfusion images (27) (28) (29) (30) . In DECT, lung perfusion does not correspond to blood flow analysis in its strict definition, but refers to the iodine enhancement at one point in a time (blood volume), which is related to the pulmonary blood flow or microcirculation of the lung. The distribution of the iodine within the pulmonary capillaries is influenced by various parameters such as the amount of contrast medium administered and the anatomic structures the contrast medium passes through, both, before and after the pulmonary capillary bed (31) . There had been attempts earlier to produce lung perfusion images using single-source CT scanners: They used dynamic scan protocols or assessed parenchymal density by means of color coded maps. Since these techniques have serious limitations, they never found their way into broad clinical application. Using the dynamic technique, additional serial scanning has to be performed with a rather limited coverage. Subtracting an enhanced from an unenhanced scan will further increase display of lung perfusion but requires a very long breathhold (to obtain both scans within one breathhold) and still suffers from subtraction artifacts. These limitations could be overcome by dual-source / dual-energy CT technique. Using DSCT with dual-energy technique, two datasets obtained at two different kilovoltages are reconstructed. Fusion of the two image sets with an 80:140 kVp linear weighting of 0.3-0.4 produces a "standard" CTA of 120 kVp (figure 2). Subtracting the lower kV from the higher kV images using dedicated processing software produces CT-perfusion colourcoded maps, resembling the distribution of iodine in the lung. The 80 kVp data set, although it suffers from an increased image noise, the contrast to noise ratio is optimised (see above under 'kV and mAs ') and therefore may be helpful for the assessment of PE in peripheral pulmonary arteries. To allow the contrast material to perfuse the complete lung, the delay time should not be too short (see below) and a saline flush is needed to limit streak artefacts from the SVC. The latter may be further reduced by using a splitbolus injection technique (32) .
There are a number of new pitfalls in these perfusion images such as gravity dependent perfusion, pseudo/high perfusion due to dense contrast material in the thoracic veins, cardiac motion, or artefacts caused by underlying pulmonary disease especially emphysema and the reader has to become familiar with them when assessing CT perfusion images (33) . Recent studies in small patient groups have found a good correlation between pulmonary perfusion defects seen by DECT perfusion imaging and the gold standard, pulmonary perfusion (SPECT) scintigraphy (34, 35) . Fig. 2 . Dual-energy CT of a 46-year-old male patient with acute PE. Fused color-coded and virtual 120 kV axial images (A) and coronal MPR (B) showing bilateral multiple segmental and sub-segmental thrombi (white arrows) obstructing the pulmonary arteries. As a result, multiple (sub) segmental perfusion defects are observed (black areas). A follow-up scan after 6 months of anticoagulant treatment revealed neither residual thrombi nor perfusion defects (C).
The disadvantage of the first generation DSCT scanners caused by a too small diameter of the field of view of the second tube (26 cm), resulting in incomplete truncated iodine maps in large patients, is now overcome in the second generation of DSCT scanners that provide a sufficient coverage also of the second tube (33 cm). Besides the analysis of the distribution of iodine in the lung parenchyma, dedicated software algorithm visualizing the iodine content in the pulmonary vessels has been developed. This software was designed especially to differentiate true PE from other causes of low HU values such as low contrast enhancement and partial volume effects, especially in small pulmonary vessels. A first evaluation of this technique demonstrated that this algorithm may especially be helpful in the exclusion of PE (36) . Summarizing it can be said that although the perfusion technique seems promising for combining direct visualization of the thrombus with the functional consequences, namely perfusion defects (figure 1). The radiation dose of DECT technique is equivalent to or slightly higher than for the single tube CT technique, but the potential benefits of DECT are thought to balance the possible minor dose increase. However, the actual additional value of this technique for diagnosis, prognosis and therapy monitoring still needs to be determined in future studies.
Patient instruction
It is generally recommended to perform image acquisition for a CTPA during breathhold and in inspiration. 
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Breathing artefacts and a Valsalva maneuver by the patient hampering contrast-inflow are still major causes for sub-optimal scan quality. A careful patient instruction by the technologist is therefore very important: it should include an appropriate explanation of the effects of fast contrast-inflow (transient feeling of warmth and unusual oral taste), a performance of a trial breathhold for the required scan duration and a careful explanation not to increase intrathoracic pressure by a Valsalva maneuver. By watching the movement of the abdominal surface adequate suspension of respiration can be assessed. Patients usually require about 4 s between the breathhold command and the actual scan to obtain a full inspiration. Substantial movement artefacts may occur if scan delay is too short or patients are improperly instructed. In the elderly even more than 4 s may be needed. Individual instruction by the technologist instead of using the automatic command and start of scanning further reduces the chance of significant breathing artefacts. With slower CT scanners and scanning times of more than 15 s (below 16-row CT scanners) a short hyperventilation of 3-4 times before starting the data acquisition may be helpful to ensure breathhold capability. Deep inspiration immediately prior to the image acquisition may lead to transient interruption of the contrast column in the pulmonary arteries. This is the result of variable inflow of non-opacified blood from the inferior vena cava as a normal response to the negative intrathoracic pressure (26) . Valsalva maneuvers on the other hand, lead to diminished inflow of contrast medium as a result of increased intrathoracic pressure. Both may lead to inhomogeneous or inadequate contrast enhancement of the pulmonary arteries that becomes even more critical with faster scanners that require less than 5 s for full data acquisition. Some authors have therefore recommended obtaining CTPA in expiration (to avoid inflow of uncontrasted blood via the inferior vena cava). The disadvantage of crowded and compressed vascular structures in expiration and the substantially lowered display quality of the lung parenchyma, however, make this a technique that cannot be generally recommended. Some patients tend to 'gasp for air' internally against a closed glottis at the end of scan acquisition. This may result in motion artefacts due to the involuntary diaphragmatic movements and can also be avoided by careful patient instruction. In severely dyspnoeic patients, shallow breathing is preferred over forced breathholding to avoid severe and uncontrollable movement artefacts. This will slightly reduce the quality of both the axial slices and multiplanar reformats (MPR's), but in the majority of cases a diagnostic scan can be obtained, at least of the central pulmonary arteries.
CTPA during pregnancy
Venous thrombo-embolic disease has a two-to fourfold increased incidence during pregnancy and is a leading cause of maternal mortality. Ultrasound of the leg veins has been advocated as the first clinical test for suspected non-life threatening thrombo-embolism (Statement of the Fleischer Society) because further radiographic imaging is only required if leg ultrasound is normal (37) . The question which technique to use next for pregnant patients with suspected thromboembolism has been hotly debated (38) (39) (40) (41) . There is no general consensus to which diagnostic technique is the most appropriate to diagnose acute PE in pregnant women. It is important to know that at no time point of the pregnancy (including the first three months) a CTPA delivers a radiation dose that poses a risk to the unborn child, and risks of an undiagnosed PE are much greater than any theoretical risk to the fetus from diagnostic inaging (42, 43) .
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Since diagnosis of a deep venous thrombosis represents a sufficient indication for treatment, the first diagnostic step should be an ultrasound examination of the deep leg veins. For evaluating the pulmonary arteries, a CTPA or a perfusion scintigraphy can be obtained. The latter is only useful if the chest radiograph excludes overlying parenchymal disease. The absorbed dose to the uterus (and fetus) is approximately 0.2-0.3 mGy for ventilation / perfusion imaging but varies dependant on the agents used (44) . Recent estimations of the radiation dose absorbed by the fetus during CTPA have been reported to be as low as 0.026 mSv using SDCT and 0.014 mSv for MDCT (45) . More concern has been devoted to an increased risk of cancer induction after radiation exposure during CTPA to radiosensitive organs in pregnant patients, particular breast tissue. The calculated breast dose using organ-specific conversion factors have been calculated to range between 5.5-13.1 mGy (average 7.4 mGy) per breast. An exposure of 10 mGy to the breasts of a woman aged 35 years increases the risk of breast cancer by approximately 14% over the background rate for the general population (46) . A perfusion scintigraphy provides less dose for the breasts at the expense of a slightly increased dose for the foetus especially since the radiopharmacon is eliminated through kidneys and bladder. If a CTPA examination is planned to be carried out, it is important to adapt the protocol to reduce dose and to optimize contrast application.
As previously described the kV should be reduced to 100 kV, in very small patients to 80 kV to substantially reduce radiation dose. The scan range should be sharply limited to the lung parenchyma. Further on, the pitch and slice collimation can be increased to further reduce dose (pitch of 1.7-2 and slice thickness of 1-1.5 mm). Since pregnant women have a hypercirculatory state with increased cardiac output and increased plasma volume already at an early state of their pregnancy, the injection rate should be increased to 6 ml/s to ensure adequate vascular enhancement (47) .
To avoid a valsalva maneuver in these usually very nervous patients, patients should be instructed to breath shallowly instead of holding their breath. Last but not least, it seems to be the most important to obtain an examination of interpretable image quality that justifies the radiation given to patient and child. Thus per institution, that technique should be chosen for which interpretation experience and technical standard are highest.
ICU patients
In patients under respiratory ventilation the quality of a CTPA is highly dependant on the capacity of cooperation of the patient. If the scan quality is likely to be substantially improved when image acquisition is performed with full sedation of the patient and in full inspiration, it should be discussed with the clinicians before obtaining the scan. Such a procedure and dependant on the scanner type, it might require an interruption of the respiratory ventilation for a period of 15-20 s which poses no problem in most patients. When apnea during image acquisition is not an option, the frequency of ventilation can be reduced in order to minimize breathing artefacts. In addition, as patients are frequently scanned with their arms parallel the body, the scan has to be obtained with a sufficiently high dose to ensure low noise and adequate signal (lowering kV and mAs is not an option in this patient group).
Repeating CTPA
Despite the use of an optimized protocol and careful patient instruction, the CTPA may still result in a non-diagnostic scan. One should only consider repeating the examination if a better result can be expected after adequate adaptation of the protocol or patient preparation, e.g., having a better venous access available, adapting contrast medium injection rate or dose, choosing a longer scan delay, or changing patient instruction (figure 3). Fig. 3 . CTPA of a 61-year-old female patient with severe dyspnea. The 1-mm axial slices in mediastinal (A) and lung parenchyma (B) window setting demonstrate severe breathing artefacts resulting in a non-interpretable scan result. The CTPA was repeated immediately after the first acquisition with a second contrast medium bolus injection, which resulted in a CTPA of diagnostic quality (C and D).
Thrombus load and right ventricular function: predictors of adverse outcome?
Besides diagnosing PE by direct visualization of the thrombus, a CTPA can also be helpful in predicting the outcome of patients with PE, which is assumed to be related to clot burden and RV function (48) . Several parameters in predicting right ventricular dysfunction (RVD) have been mentioned, like the RV/LV ratio, dilatation of the PA, SVC and azygos vein, bowing of the interventricular septum and the pressure in the right atrium. Of these, only a RV/LV ratio ≥ 0.9-1.5 obtained on the axial views has been shown to be directly correlated with RVD and adverse outcome (49 For the quantification of thrombus load in the pulmonary vascular tree, several scoring systems have been proposed. The modified Walsh and Miller scores, which were primarily angiographic scores, but adapted to the needs of CT, both quantify the severity of PA obstruction (50) . The CT derived scores proposed by the groups of Qanadli and Mastora not only give information about thrombus load, but also about the degree of obstruction (51, 52) . However, despite the excellent clot imaging, the literature still shows contradicting results in the usefulness of the PA obstruction index as a predictor of RVD or short-term survival. Furthermore, since obtaining these scores is very time-consuming they have never found their entrance in clinical routine so far. The use of CAD software might overcome this limitation in the future (37).
Interpretation of CT: How it should be done
Slice reconstruction
Dependant on the slice collimation used during acquisition, slice reconstruction width varies from 0.9 to 1.5 mm, preferably 0.9-1.0 mm. Usually an overlapping reconstruction algorithm is applied with a reconstruction index of 0.7-1.0. Thinner slice thicknesses do not further contribute to the diagnosis and will unnecessarily decrease signal-to-noise ratio. In obese patients, a smoothing reconstruction algorithm and thicker slices of 1.5 or 2.0 mm might be advantageous to increase the signal to noise ratio. It is not recommended to use a slice thickness thicker than 2.0 mm to ensure optimal evaluation of peripheral pulmonary arteries (figure 4). Fig. 4 . CTPA in a 56-year-old female patient with progressive dyspnea. Axial 1-mm reconstruction revealing a PE in a subsegmental vessel surrounded by contrast medium (white arrow), a so-called 'railway track sign' (A), which is less well depicted on the 5-mm reconstruction (B).
Windowing
Axial slices in both soft tissue window setting (window width, WW = 400 HU; window level, WL = 30 to 40 HU) and pulmonary parenchyma window setting (WW = 1500 HU; WL = -800 to -600 HU) represent the base for diagnostic interpretation. When only fixed standard soft tissue window settings are used, especially in combination with a high iodine injection rate, small PE may be obscured by the dense contrast medium and may be AB www.intechopen.com
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consequently missed. Therefore, the use of a modified relatively wide soft tissue window (WW = 700 HU; WL = 100 HU) has been proposed by some authors. Alternatively, an individual adaptation of the window setting can be applied that is flexibly adapted to the degree of vascular enhancement and vascular size: the WW is set slightly lower than twice the mean attenuation in the pulmonary trunk and the WL is set at about half of the mean attenuation of the pulmonary trunk (53) . A poor vascular enhancement is more difficult to overcome as the density difference between the opacified vessel and the thrombus is decreased. In this case, narrowing the window width and lowering window level settings may help to obtain a more confident diagnosis. Although soft tissue window settings are necessary to provide direct visualization of intravascular contrast defects and thus provide the base for diagnosis, pulmonary window settings are also indispensable for the assessment of movement artefacts, which result in endovascular contrast inhomogeneities which may mimic pulmonary thrombi. The pulmonary parenchyma window setting is also important to differentiate pulmonary arteries from mucus filled bronchi and from venous structures that may not be opacified in an early scan phase (no accompanying bronchial structure). The simultaneous assessment of either standard or adapted soft tissue window setting and pulmonary parenchyma window setting (e.g., on two monitors side to side or by toggling) will shorten the interpretation time and will potentially reduce false positive findings.
Image interpretation
An interactive cine mode interpretation on either a dedicated work station or using the PACS workstation is warranted to assess the large number of slices, usually 300-450 slices for a multi-detector CTA. The magnitude of the dataset is determined by the slice thickness and the reconstruction index and not by the number of CT detectors. Therefore, the number of images does not necessarily increase with the use of CT systems with more detectors. Scrolling through the dataset is helpful to identify and follow the pulmonary arteries, to identify pulmonary emboli and to differentiate between pulmonary arteries and other pulmonary structures. Thorough knowledge of the anatomy of the pulmonary arterial tree and the hilar structures and a systematic approach are essential for optimal interpretation. One possible and in our view useful and practical approach is to start with the pulmonary trunk and follow per lobe every artery from its origin to the periphery.
Multiplanar and curved reformats
With MDCT isotropic 3D datasets are obtained that allow for reconstruction in different directions without distortion or step-artefacts that are inherent to non-isotropic datasets obtained with SDCT or MDCT scanners below 16 detector rows. While axial slices represent the base to evaluate a CTPA examination, additional reconstructions such as MPR's or curved planar reformats (CPR's), i.e., along the long axis of the vessel of interest and perpendicular to its lumen, are used as problem-solving tools: these reconstructions are helpful for the assessment of pulmonary arteries that are oriented oblique or parallel to the imaging plane, to distinguish central clots from perivascular lymphatic tissue, and to differentiate pulsation artefacts from real thrombi. Findings at MPR or other processing techniques should always be verified and correlated with findings in the axial plane.
MPR's represent the simplest and most frequently used processing technique. To obtain a good quality MPR, the slice thickness is usually 2 mm. MPR's can be reconstructed in any direction and the optimal direction is dependent on the patient's vascular anatomy and the individual findings and therefore should be done individually and not in a standardized way. Some vendors offer point-related MPR's in all three directions on demand: given a focal intravascular inhomogeneity that requires further attention, this particular area of interest will be automatically displayed in all three directions on demand allowing for analysis of the vascular inhomogeneity in the long as well as short axis of the vessel.
Maximum intensity projections
Maximum intensity projections (MIP's) are an excellent tool to obtain angiography-like images. As MPR's they can also be reconstructed in every direction. Since MIPs use 3D information, they show in opposite to MPRs the vessel to a longer extent. Sliding thin slab MIP's (3-5 mm thickness, with a maximum of 10 mm) were found to improve delineation of small peripheral vessels. Small peripheral thrombi will appear as less enhanced vessel segments with a lower density as compared to neighboring vessels with the same size. The use of MIP's is therefore recommended in every patient in which the initial standard axial reconstructions did not reveal PE.
The most important pitfall using MIP reconstructions refers to small hypodense structures (i.e., endovascular thrombi) that might be obscured by surrounding hyperdense structures (dense contrast-enhanced vessels). This occurs when MIP's slab thickness is too high or the display window is too narrow resulting in a too small contrast range. Choosing sufficiently thin slabs and adapting the window settings is therefore important. Also MIPs represent an instantaneous feature on all dedicated and in our days most PACS workstations. MIP thickness and direction can be adapted on-line.
Computer aided diagnosis
The meticulous review of up to 300-500 axial images per CTPA study is a rather timeconsuming task that requires a high level of attentiveness of the readers. While the majority of scans is made to exclude PE, the chance of missing small emboli increases with time pressure, anatomic and technical complexity and decreasing readers' experience (54) . CAD algorithms (figure 5) have been therefore developed to improve the detection performance of observers, to decrease interobserver variability and eventually to decrease reading time. None of the CAD algorithms for the detection of PE is currently FDA approved, and experience so far is therefore limited to scientific evaluation and study results.
Publications report an improved detection rate of small segmental and subsegmental emboli. While CAD seems to be of no use in patients with multiple, central and rather obvious emboli, it may help especially inexperienced readers to detect small peripheral emboli which are seen in only a subset of patients and whose clinical relevance is still under debate. The number of false positive calls by the CAD algorithm is strongly related to image quality ( figure 5 ) and may increase to more than 30 false positive calls in patients with a low enhancement or serious movement artefacts which undoubtedly is unpractical (55, 56) . The majority of scans however have less than 5 false positive calls, which are quite easy to dismiss and therefore do not cause diagnostic problems. Use of CAD as "second reader" -meaning that CAD results are only used as additional information after having analyzed the scan first without CAD -inevitably leads to further increase of reading time. It is still under evaluation whether CAD may be used more efficiently as "concurrent reader" meaning that already the initial reading process is supported by CAD candidates. In the future the automatic detection of vascular emboli may be also used for the quantification of thrombus load (57) .
True positive candidate
False positive candidate 
Imaging characteristics of PE
For correct interpretation of a CTPA study, every single artery from the main PA to the subsegmental branches has to be examined for signs of acute or chronic PE. Not only knowledge of the direct and indirect imaging characteristics of PE is essential, also familiarity with the pitfalls of the interpretation of the scan is required. Therefore the imaging characteristics of both acute and chronic PE will be outlined first followed by an overview of pitfalls related to technique, anatomy and patient. b. a partial filling defect centrally located in the vessel lumen caused by a clot surrounded by contrast medium: the finding is also named 'polo mint sign' when seen in cross section or 'railway track sign' when imaged along the long axis of the vessel, or c. an eccentric partial filling defect that makes an acute angle with the PA wall caused by a mural thrombus that is outlined by contrast material (59-62). Fig. 6 . Examples of direct and indirect signs of acute PE: centrally located non-obstructing thrombus, branching over the bifurcation of a pulmonary vessel, with acute angles to the vessel wall (A); centrally located partial filling defect ('doughnut or polo mint sign') with diameter enlargement as compared to the opposite side (B).
Findings in acute PE
Several ancillary findings can be seen in patients with PE, but most of these are non-specific as they are seen also in other conditions. Wedge-shaped pleural-based consolidations and linear bands have shown to be statistically significantly related to PE (63) . A peripheral wegde-shaped consolidation, typically without an air bronchogram, is likely to represent pulmonary infarction (figure 7) potentially with secondary haemorrhage. This is rarely encountered in healthy individuals because the bronchial artery collateral circulation will take over the blood flow to the embolized area. Other indirect findings include pleural effusions ( figure 7 ) and atelectasis that are usually small, both quite frequently seen but nonspecific signs. A mosaic perfusion pattern, caused by focal areas of hypoperfusion due to acute obstruction of blood flow through one or more pulmonary arteries, is more often seen on angiography than on computed tomography pulmonary angiography (CTPA) (64) . Although these indirect findings are considered to be of limited diagnostic value, they may suggest further investigations in case of an inconclusive CTPA.
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Findings in chronic PE
Chronic PE has several imaging characteristics on a CTPA (figures 9-12), which correspond to imaging findings known from conventional pulmonary angiography. It can be identified as: a. a complete intraluminal filling defect of a PA that is smaller than the adjacent patent pulmonary arteries, b. an eccentrically located partial intraluminal filling defect that makes an obtuse angle with the PA wall, c. an abrupt vessel narrowing often due to recanalization after complete occlusion by thrombus, d. an apparently thick-walled artery, sometimes with irregular contours with irregularly narrowed lumen after recanalization e. webs or bands visible in the arterial lumen, f. partial or complete obstruction organizing with a concave configuration, with or without the appearance of distal pulmonary arteries on sequential scanning (65) g. an intraluminal filling defect with the morphology of an acute PE present for more than 3 months (64, (66) (67) (68) . Fig. 9 . Chronic PE in a 72-year-old male patient. CTPA with 1-mm axial reconstruction demonstrating bilateral eccentric thrombi with both acute and obtuse angles to the vessel wall (A, white arrows). A non-opacified vessel on the right side was (green arrow) found not to be accompanied by a bronchus on the pulmonary window setting (B), which is in agreement with a pulmonary vein. In addition, mosaic perfusion is present due to the chronic PE. At conventional pulmonary angiography, post-stenotic dilatation or aneurysm has been described in the setting of chronic PE in combination with the above findings (65) . Calcifications can be seen within the chronic thrombi in a small number of patients though it requires adaptation (widening) of the window settings in such a way that the calcifications are not obscured by the contrast material. Calcified thrombi in the subsegmental or smaller branches are often indistinguishable from small lung parenchymal calcifications, however their microtubular shape and position at the site of arterial branching may be helpful in the differential diagnosis (67) . A relatively common and serious complication of chronic PE is secondary PH, having an incidence of approximately 4 percent in the first two years after the first episode of PE (69) . Therefore specific attention has to be paid to CT signs related to PH such as dilatation of the main PA (diameter more than 29 mm) (70), tortuous pulmonary vessels (71), hypertrophic bronchial arteries (72) a mosaic pattern and of lung attenuation due to variable perfusion. Mosaic pattern and the presence of systemic collateral supply are helpful signs to differentiate primary from secondary PH which has therapeutic implications (72, 73) . In patients with recurrent PE, both chronic and acute PE can be present ( figure 13 ). Fig. 13 . Axial 1-mm thin slice demonstrating acute PE on the left side whereas on the right side a large centrally located eccentric thrombus is present with contrast in the thrombus as a result of recanalization (white arrow).
Pitfalls
To obtain an adequate interpretation of a CTPA the radiologist should be familiar with the various diagnostic pitfalls that can occur. Pitfalls can be divided into three groups dependant on their underlying cause we differentiate pitfalls related to technique, anatomy or patient factors ( (62, 67) . In addition, breathing can also result in inhomogeneous opacification of pulmonary arteries due to variations in the blood flow between inspiration and expiration, simulating an intraluminal filling defect (74).
Fig. 14. Axial 1-mm slice showing a very small hypodense area in a small PA in the lingula (A, white arrow), which was due to a pulsation artefact as shown on the pulmonary window setting (B, green arrows).
Obvious motion can easily be detected by a rapid change in position and diameter on contiguous images or by observing the chest wall for respiratory motion during cine viewing of the images. When subtle, motion artifacts may be difficult to see on the mediastinal window settings, but can be clearly recognized on the lung window settings showing composite images of the vessels ('seagull sign') (62). The rate of indeterminate studies due to motion artefacts has diminished with the introduction of multislice CT, since scanning times are reduced from 30 to 5-10 s, therefore requiring shorter breath holds. In a heavily dyspnoeic patient, image quality may be improved by limiting the scan range in z-direction e.g., to the range between superior contour of the aortic arch to the level of the inferior pulmonary veins, or by letting the patient gently breath during scan acquisition (59) . A possibly artefact-free CTPA in an intubated patient can be achieved by suspending the ventilation in deep inspiration for the duration of the scan, which is possible in most sedated patients.
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A disadvantage of the fast multislice CT scanners is that once a patient starts breathing during data acquisition, a relatively large scan volume might render indeterminate. Therefore gentle breathing during scanning may be preferred to deep inspiration in some patients, even though under these circumstances visualization and thus evaluation of peripheral small arteries is limited.
Suboptimal contrast injection technique
Another common pitfall related to scan technique is suboptimal contrast enhancement of the pulmonary arteries, due to inappropriate scan delay, flow rate or iodine concentration (22, 75, 76) . Artefacts caused by improper scan delay are easily recognized because they typically result in appropriate vascular enhancement in the cranial or caudal part of the scan volume. Dependent on the extent of inappropriate vascular enhancement, a repeat examination with special focus on the suboptimally displayed anatomic area may be required. A low flow rate can lead to poorly opacified pulmonary arteries especially at the level of the (sub)segmental arteries. The quality of enhancement of the small segmental and subsegmental arteries can be improved by using contrast material with a high iodine concentration. The disadvantage of high-contrast concentration, however, is streak artefacts at the level of the SVC ( figure 15 ). Although these artefacts are readily identified by their radiating, poorly defined nature, as well as their usually non-anatomic configuration, they may create pseudo-filling defects in the right pulmonary and upper lobe arteries and may therefore render this part of the examination indeterminate. Nowadays, to obtain optimal contrast enhancement in the pulmonary arteries high flow (4-6 ml/s) and high concentration (370-400 mg of iodine/ml) protocols are used in combination with a saline bolus injected immediately after the contrast bolus to reduce streak artefacts (19) (see also under 'injection protocol'). 
Partial volume effects
Small vessels that run parallel to the axis of the scan plane may simulate a PE by volume averaging with the surrounding lung parenchyma or adjacent bronchus (60, 62, 77) . The arteries of the lingua and medial and lateral segments of the right middle lobe are particularly prone to such a volume averaging artefact. By using a thin collimation (< 2 mm) and multiplanar reformations the effects of volume averaging can be overcome enabling accurate analysis also of these vascular structures and thereby reducing false positive results.
Image noise
Especially in obese patients, image noise may substantially degrade image quality, and make the evaluation of the small segmental and subsegmental arteries very difficult if not even indeterminate. Although increasing the reconstruction width to 2.5 mm helps to decrease image noise and thereby improve signal-to-noise ratio and thus scan quality, it also decreases the sensitivity for detecting small pulmonary emboli (62, 78).
Window settings
The standard mediastinal window settings (window width 300-450, window level 30-50) may not always be adequate in the detection of PE, because the dense contrast material may obscure an intravascular thrombus (77) . Therefore a more individual window setting is preferred (see under 'windowing'). The use of these settings in combination with the standard mediastinal and lung parenchym window settings will help to improve diagnostic accuracy.
Lung algorithm artefact
When the pulmonary arteries are visualized with images that are calculated using a high spatial frequency reconstruction convolution kernel used to improve the depiction of pulmonary vessels, bronchi and interstitium with the lung window, a high attenuation rim around vertically orientated vessels may be observed, potentially mimicking a PE. Interpretation of these vessels with the soft tissue reconstruction algorithm is crucial as these will no longer reveal the intraluminal filling defect (59, 62).
Stair-step artefact
The stair-step artefact is defined as the presence of surface irregularity artefacts along the margins of the pulmonary vessels ranging from a minimal indentation of the vessel margin to an appearance that mimics a pair of steps when viewed in profile (79) . On the axial images, particularly in the vessels that run perpendicular to the scan plane, it may simulate a filling defect on one single slice, while neither the previous nor the next slice show abnormalities (80) . However, on coronal and sagittal reformatted images stair-step artefacts are typically seen as horizontal high and low attenuation lines crossing the PA. Factors that can reduce this artefact are a narrow collimation and overlapping reconstruction intervals. Moreover, the use of multidetector CT has significantly reduced these artefacts.
Anatomy related pitfalls 5.2.1 Normal bronchovascular anatomy
Familiarity with the normal bronchovascular anatomy is essential in the diagnosis of PE. Pulmonary arteries run adjacent to their accompanying bronchus, with the exception of the apical posterior segment of the left upper lobe and the lingular arteries, which may course separately for a short distance before rejoining with their bronchus. Pulmonary veins course in the interlobular septa, are not accompanied by a bronchus (figure 9) and can be followed towards the left atrium. By verifying their position and following their course on contiguous sections, a true arterial embolus can easily be distinguished from a pseudofilling defect in a pulmonary vein, the latter mostly due to flow artefacts or slow flow. A vascular bifurcation can be misinterpreted as a web or band on the axial images. Coronal and sagittal reconstructions are helpful to reveal the true nature of this linear filling defect.
Hilar lymph nodes
The normal hilar lymph nodes are small, usually less than 3 mm, hypoattenuating, triangular or linear structures that follow the borders of the bronchovascular interstitium and are thus located in close proximity to the pulmonary arteries and bronchi (81) . They can be divided into four groups in the right lung (i.e. the upper lobe, interlobar, middle and lower lobe groups) and four groups in the left lung (i.e. the culminal, interlobar, lingular and lower lobe groups) (81, 82) . Knowledge of their size and location is important as they are a potential cause of a false positive diagnosis of PE. A small detector width and coronal and sagittal reconstructions can help distinguish them from a thrombus, showing their extramural location and the preservation of the smooth contour of the contrast-filled artery.
Patient related pitfalls 5.3.1 Vascular abnormalities
Asymmetric opacification of the pulmonary arteries can be caused by a unilateral increase in pulmonary vascular pressure, for example due to consolidation, atelectasis or pleural fluid, resulting in decreased flow in the ipsilateral arteries. Furthermore, absent or faint enhancement can be the result from unilateral obstruction of a main PA, or from unilateral shunting of blood from the systemic into the pulmonary circulation (74, 77) . Left-to-right shunts can be due to the presence of intracardiac shunts, but most commonly they are encountered in patients with acquired disorders, particularly in chronic inflammatory diseases like bronchiectasis, in which a prominent bronchopulmonary circulation may exist. Retrograde flow of unopacified systemic blood from the bronchial arteries into the enhanced pulmonary arteries may potentially simulate a PE. Right-to-left shunting can arise in patients with a patent foramen ovale (PFO) if the pressure in the right atrium exceeds the left atrial pressure. This is a transient physiologic response during deep inspiration, Valsalva manoeuvre or coughing, but is a more persistent situation in cases of PE or PH (83) . During CTPA this frequently leads to insufficient attenuation of the pulmonary arteries in combination with early and strong enhancement of the aorta, thereby limiting the diagnosis of PE.
Mucus plugs
Bronchi impacted with mucoid can be misinterpreted by an inexperienced reader as a PE. However, the observation of the contrast enhanced artery immediately adjacent to the apparent filling defect and the visualisation of normal bronchus proximally or distally on contiguous images on the lung window settings will easily reveal the nature of the tubular structure as a bronchus (62).
PA sarcoma
A sarcoma arising from the PA is a very rare lesion, which can be difficult to differentiate from acute or chronic PE. Knowledge of some distinguishing features is therefore important (84, 85) . In PA sarcoma the filling defect frequently spans the entire luminal diameter of the main or proximal PA, a finding which is unusual in PE. Moreover, vascular distension of the involved PA and local extravascular spread are other imaging characteristics that favour the diagnosis of a sarcoma. Late heterogeneous enhancement of the mass, due to neovascularity, necrosis, haemorrhage and occasionally calcifications, are sometimes observed. If a patient who was initially diagnosed as having a PE fails to respond to anticoagulant therapy, a PA sarcoma -though a rare occasion -should be considered.
PA stump in situ thrombosis
The incidence of PA stump thrombosis in patients who underwent pneumonectomy is approximately 12% (86, 87) . Although local trauma of the vessel or the hypercoagulable state of blood in patients with a malignancy might contribute to the formation of the clot, the most important factor seems to be the stasis of blood flow, since the clot appears to be related to the length of the stump (86) . Moreover, as it is often discovered as an incidental finding on routine follow-up CT and rarely shows other PA thrombi remote from the stump site, it is mostly considered a benign entity and not related to PE (87).
Summary
Since the introduction of spiral CT for the detection of PE, the continuous development of multi-detector technique and faster scanning lead to considerable improvement of image quality and visualization especially of smaller peripheral vascular structures. Though the overall percentage of non-diagnostic scans could be substantially improved, optimization of scan protocols, contrast administration and patient instruction remain crucial in order to obtain good quality scans. Inadequate vascular enhancement is still one of the most important causes for a non-diagnostic scan result. With scanning times of less than 5 s, a proper patient instruction has become even more important to avoid a Valsalva maneuver and breathing artefacts. Furthermore, the intravascular contrast can be optimized by l o w e r i n g t h e k V a n d / o r i n c r e a s i n g t h e a m o u n t o f i o d i n e i n j e c t e d p e r s . W i t h t h e development of the newer generation scanners the radiation dose can be substantially decreased. Further dose reduction is possible by reducing the scan range, reducing the kVp and using weight-adapted scan parameters. Special adaptations of the scan and contrast injection protocol are recommended in young patients and in pregnant women. In addition to the direct visualization of intravascular clots, indirect signs of acute PE may be helpful when image quality is suboptimal. An increased RV/LV ratio correlates well with PE severity and has been shown to be an independent predictor of an adverse outcome. The role of other CT parameters such as thrombus load as an independent predictor of outcome still needs to be determined. With a DSCT scanner, lung perfusion can be directly visualized with potential additional functional information. CAD software packages have been developed in order to increase and harmonize diagnostic performance and decrease reading time. Though these new techniques are very promising, their value within the diagnostic algorithm for acute PE is not yet determined.
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